Objectives To examine the combined effect of social class and weight at birth on cognitive trajectories during school age and the associations between birth weight and educational outcomes through to 33 years. Design Longitudinal, population based, birth cohort study. Participants 10 845 males and females born during 3-9 March 1958 with information on birth weight, social class, and cognitive tests. Main outcome measures Reading, maths, draw a man, copying designs, verbal and non-verbal ability tests at ages 7, 11, and 16, highest qualifications achieved by 33, and trajectories of maths standardised scores at 7-16 years. Results The outcome of all childhood cognitive tests and educational achievements improved significantly with increasing birth weight. Analysis of maths scores at 7 and of highest qualifications achieved by 33 showed that the relations were robust to adjustment for potential confounding factors. For each kilogram increase in birth weight, maths z score increased by 0.17 (adjusted estimate 0.15, 95% confidence interval 0.10 to 0.21) for males and 0.21 (0.20, 0.14 to 0.25) for females. Trajectories of maths z scores between 7 and 16 years diverged for different social class groups: participants from classes I and II increased their relative position on the score with increasing age, whereas classes IV and V showed a relative decline with increasing age. Birth weight explained much less of the variation in cognition than did social class (range 0.5-1.5% v 2.9-12.5%). Conclusions The postnatal environment has an overwhelming influence on cognitive function through to early adulthood, but these strong effects do not explain the weaker but independent association with birth weight.
Introduction
A consistent association between weight at birth and cognitive development has been established within cohorts born during different periods in the 20th century. [1] [2] [3] [4] Earlier studies that focused on low birth weight or small for gestational age infants showed an increased incidence of neurological deficits or poorer cognitive skills through childhood compared with counterparts of normal weight. [5] [6] [7] [8] [9] The association between weight at birth and later cognition persists across the whole spectrum of birth weight, rather than being confined to an extreme group and is not explained by confounding or effect modification by social factors. 1-4 10 Most studies have investigated cognition at one age only. 1 3 10 11 A study of sibship pairs found an increasing intelligence quotient at age 7 from 1500 to 3999 g birth weight. 4 In a Scottish sample, cognitive function at 11 years was related retrospectively to birth weight, and in a Danish cohort of male conscripts aged up to 20, cognitive function increased across the range of birth weights up to 4.5 kg. 1 3 One study that has assessed cognitive function at several ages is the 1946 British birth cohort. 2 In this study birth weight was related to verbal and non-verbal intelligence, word pronunciation, and vocabulary at age 8, and differences persisted through ages 11, 15, and 26. 2 Socioeconomic background also has a strong influence on cognitive function in children, which perhaps exceeds the impact of birth weight. 1 Yet few studies have constructed cognitive trajectories through childhood and adolescence from which the combined contributions of birth weight and social environment can be assessed. Such analyses are required to establish whether effects of birth weight and social environment persist with increasing age.
We aimed to examine the combined effect of birth weight and socioeconomic environment on cognitive trajectories during childhood. We investigated the influence of birth weight on seven measures of cognitive and educational outcomes at 7, 11, 16, and 33 years in the 1958 British birth cohort. 12 
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Methods
Sample
The 1958 birth cohort comprises individuals born during 3-9 March 1958 in England, Scotland, and Wales. 12 13 The cohort was followed at ages 7, 11, 16, 23, and 33. During the first three follow ups, response rates were 91%, 91%, and 87%.
14 The sample we studied comprises singletons (we excluded 390 multiple births) with information on birth weight and a gestational age between 32 and 44 weeks (n=13 980). We excluded babies born to unmarried women (n=2843) because gestational age was not recorded. Our multivariate analyses are based on 10 845 participants with data on birth weight, gestational age, maths scores at 7 years, and potential confounding factors. This sample has a similar mean birth weight (3434 g males, 3300 g females) to that of the sample (n=13 980) with relevant data (3425 g males, 3290 g females). With further attrition to age 33, the sample with data on educational qualifications (n=9300) has a similar mean birth weight (males 3435 g, females 3289 g) to the 13 980 participants. For social class at birth, 23.9% (1945/ 8145) of males and 24.6% (1890/7688) of females from the original birth sample were from classes IV and V or single households, compared with 22.2% (1232/5561) and 22.6% (1196/5284), respectively, in the multivariate sample.
Measures
School tests At 7, 11, and 16, the participants took age appropriate tests at school for maths, reading, general ability, and perceptual and motor skills. The tests were conducted over several months. Arithmetic at age 7 comprised 10 problems with graded levels of difficulty (range 0-10); when necessary teachers read the questions to poor readers. At age 11 the mathematics test was constructed by the National Foundation for Educational Research in England and Wales (range 0-40). For the survey at 16 years a mathematics comprehension test (range 0-31) was constructed at Manchester University. The Southgate test was used to detect poor readers at age 7 15 : children selected from several words the one corresponding to a picture; teachers also read out words that the children identified from a list. Reading tests at ages 11 and 16 were parallel to the Watts Vernon comprehension test. Tests of perceptual and motor ability included the Goodenough draw a man test at age 7 and the copying designs test at age 11. 16 The latter presented children with six designs: circle, square, triangle, diamond, cross, and star, which they copied twice. A general ability test at age 11 approximated the conventional intelligence test, with verbal and non-verbal components. 17 Highest qualifications achieved by age 33 were categorised as no qualifications, less than O level (or equivalent), O level (or equivalent), A level (or equivalent), or higher qualification.
Birth weight and gestational age
Birth weight was recorded in pounds and ounces and converted into kilograms. 12 Duration of gestation was estimated from the date of the last menstrual period reported by the mother and checked against general practitioner records. The z (standard deviation) scores of birth weight for gestational age were calculated by sex for each week of gestation.
Social class
Social position at birth was based on the father's occupation in 1958, classified according to the registrar general's scale, ranging from class I (professional) to V (unskilled manual). Groups I and II were combined, as were groups IV and V, to give larger numbers in the extreme groups. Households with no male head of household were included with group IV and V.
Confounders
Potential confounders were identified from previous work on cognition, including maternal age, breast feeding, parental education, and parity. Maternal and paternal education were coded according to whether or not they had stayed in school beyond minimum school leaving age (14 years until 1948, 15 years thereafter). Infant feeding was recorded as ever breast fed, and parity was recorded as 0, 1, or > 1. Maternal age was recorded at the birth of the cohort member as age at last birthday.
Data analysis
Our initial data analysis examined univariate relations between birth weight and educational outcomes. For tests for linear trend we used analysis of variance across categories of birth weight: <2500 g, 2501-3000 g, 3001-3500 g, 3501-4000 g, > 4000 g. For parallel analyses we used five categories of standardised birth weight for gestational age.
At age 7 most children scored high marks on the reading test resulting in a highly skewed distribution, whereas at ages 11 and 16 the tests discriminated a range of abilities. Different tests were used for maths at 7, 11, and 16 years, so the scales differ for each age, but the distributions are about normal. Given the better discrimination of ability with maths tests, we conducted further analyses with these data and present only simple comparisons for reading scores. We calculated z scores from the raw maths scores for both sexes combined to allow comparisons across the three test ages (7, 11, 16) . The mean score at each age was set to zero, and the standard deviation was set to one. Thus, a child with a z score of 0 at each age had an average score on each occasion relative to others. An increasing z score with age signalled improvement in relative achievement.
We used linear regression to examine whether the effect of birth weight (continuous variable) on maths at 7 years was robust to adjustment for gestational age and potential confounding factors: maternal age, social class at birth, parity, breast feeding, and parental education. We tested for interactions of birth weight with these confounding factors plus sex. We repeated the analyses after excluding participants with a handicap or disability during childhood (n=515) and births at 37 or less weeks gestation (n=1132). Linear regression models provide estimates separately for ages 7, 11, and 16 of the percentage of variance explained by birth weight and class at birth. We repeated the linear regression analyses with highest qualifications achieved by 33 years as a continuous outcome.
We plotted trajectories of z score for maths from age 7 to 16 according to birth weight and class at birth, and we used a repeated measures multilevel model for the longitudinal analysis. 18 The model takes into account the nesting of repeated maths scores within individuals. We used age of test (to the nearest month) in the models, and data are centred on age 7. We tested interactions between birth weight and social class, age and social class, and age and birth weight.
Results
All cognitive tests and educational achievements differed across birth weight categories from ages 7 to 33 (table 1). For both sexes there was a significant trend of increasing mean scores with increasing birth weight. In general there was an increase in scores or qualifications for each birth weight category-for example, the proportion of men with higher qualifications increased from 26% in the lowest (<2500 g) birth weight group to 34% in the highest ( > 4000 g). For women equivalent percentages were 17% and 28%. Standardised maths scores increased with increasing birth weight at all ages: z scores differed by between 0.23 and 0.48 between the highest and lowest birth weight categories for ages 7 to 16 (table 2). When birth weight was adjusted for gestational age there was a similar increase across categories of increasing birth size for each educational outcome (P < 0.001 for linear trend, data not presented).
The relation between birth weight and maths z scores at 7 years was robust to adjustment for gestational age, maternal age, social class, parity, sex, breast feeding, and parental education (table 3). The score increased by 0.17 and 0.19 respectively for males and females for each kilogram increase in birth weight.
Estimates were little changed after adjustment. Excluding preterm births or participants with disability did not change the relations. Social background had a strong effect on maths scores, with children from class I and II gaining higher scores than those from class IV and V. The percentage of variance in maths scores explained by class at birth increased from about 3% at age 7 to 12% at age 16, whereas the percentage for birth weight remained at around 1% (table 4) .
Participants of low (<2500 g) birth weight from class I and II had higher average z scores for maths than participants of normal ( > 2500 kg) birth weight from class IV and V (figure). The maths scores of children of both low and normal birth weight from class I and II showed a relative increase between age 7 and 16. In class IV and V, however, the scores of participants of normal birth weight showed a relative decline with age. No significant interaction was found between birth weight and social class for maths z score: a deficit in mean scores is evident for those of low birth weight relative to others in the same class. The figure illustrates the extent to which advantage conferred by higher class applies to individuals of low birth weight, both in initial scores attained at age 7 and in the trajectory through adolescence. On average, by age 16 there was a full standard deviation advantage for children in class I and II, and this advantage was largely shared by those of low birth weight.
The association between maths score and social class seemed to strengthen with age (figure). This was confirmed in a multilevel growth model, showing a significant interaction between class of origin and age: the slope of the maths score trajectories from age 7 to 16 decreased with less favourable social position. A weaker interaction of birth weight with age became non-significant in a model including the social class interaction with age. An effect of birth weight on the intercept of the growth trajectory for maths scores remained significant after adjustment for all covariates. No interaction was found between social class and birth weight or between sex and birth weight. In analyses of adult educational level, highest qualifications measured on a 5 point scale increased by 0.17 and 0.22, respectively, for males and females for each kilogram increase in birth weight (table 3) . This effect was robust to adjustment for gestational age, maternal age, social class, parity, sex, breast feeding, and parental education. Excluding preterm births or participants with disability did not change the relations. The percentage variance in adult educational qualifications explained by birth weight ( < 1% for both sexes) was smaller than social class at birth (9% for males, 11% for females) (table 4).
Discussion
We found an association between birth weight and cognition by using several measures of educational attainment spanning 26 years in the 1958 British birth cohort. The relation held across the normal range of birth weight distribution and persisted with increasing age. The association was evident for both sexes and was not due to confounding by socioeconomic background or parents' education. A strong influence was found of childhood socioeconomic background on cognition, Table 3 Models of 7 year standardised maths score and highest educational qualifications achieved by 33 years. Values are coefficients (95% confidence intervals) for birth weight (kg) before and after adjustment for confounding factors Maths z scores from ages 7-16 years by birth weight and social class at birth (sexes combined). Class IV and V includes individuals with no male heads of household which seems to have a greater effect than birth weight at least in respect of maths and highest adult qualifications. Although birth weight and social background had independent effects, these effects seemed to differ over time. Trajectories in maths diverged with increasing age according to social class at birth, but for birth weight the effect remained constant throughout childhood. Social conditions therefore played an increasingly important part in cognitive development. However, we found no evidence that social background modified the effect of birth weight.
Strengths and limitations
A principal strength of our study is that it uses prospective data from birth onwards in a population based sample that remains broadly representative up to early adulthood. 14 Our study is unique in investigating the combined effects of birth weight and childhood social background on trajectories in cognitive development into adolescence. It has the benefit of a wide spectrum of cognitive tests and educational outcomes collected over 26 years, whereas most studies examine cognitive function at a single age and therefore cannot assess whether the relation with birth weight changes with age. To our knowledge, we have performed the first population based study examining cognition across the range of birth weight with adjustment for gestational age, thereby providing a better measure of fetal growth than indicated by birth weight alone. Despite associations evident in this sample between birth weight and disability and disability and poor cognitive function, we found that the relation between birth weight and cognitive function does not depend on disability. 19 20 Our study has two main limitations. Cognition is notoriously difficult to measure without introducing cultural biases, and this may affect the estimate of the effect of socioeconomic background. However, it is possible that biases are more limited for the maths tests, which depend less on verbal fluency. The highly skewed distribution of the reading tests made it difficult to construct meaningful trajectories of change with time. A further issue concerns the extent to which birth weight and social class at birth are simplifications of complicated processes occurring before and after birth. Increasingly complex statistical models, which include multiple covariates, may reduce the association with birth weight and in so doing deal with the possibility of residual confounding. We cannot discount the possibility that birth weight reflects biological processes in utero that independently affect postnatal cognitive development.
Comparison with other studies
Our study adds to the growing literature showing an association between birth weight and cognition across the normal range of birth weight, [1] [2] [3] but only one such study has shown that the association persists with age beyond childhood. 2 Few studies compare the association for birth weight and social background. The stronger influence of social background shown here is consistent with findings from two Scottish studies and with a Swedish study of intrauterine growth retardation in term infants followed to age 5. 1 9 21 Our study extends two strands of work from the late 1970s on developmental trajectories in the 1958 birth cohort. 20 22 23 A previous report estimated that a 1 kg increase in birth weight was associated with a 4 month increase in reading scores at 7 years; this estimate was little changed by adjustment for possible confounding factors. 22 Those weighing less than 2 kg at birth had a 1.2 year lower reading age (0.4 SD) than those over 4 kg. 22 The difference in maths z scores across the range of birth weights is of similar magnitude (table 2) . The widening social gap in mean scores with increasing age has been documented previously for reading and maths, and the influence of social background on adult educational attainment has also been reported. 23 24 We bring together the effects of social class and birth weight on educational trajectories into adolescence.
Our results suggest a cumulative effect of prenatal (birth weight) and postnatal (social class) influences on cognitive development. Although some previous research suggests a modifying effect of the social environment on the association between birth weight and cognition, we found no such interactive effect. 25 Both birth weight and class of origin seem to be determinants of cognitive growth and are therefore likely to influence peak cognitive function. However, it is uncertain whether these factors also influence the rate and timing of cognitive decline later in life. For instance, the association between birth weight and cognitive function at 43 years was weak in the 1946 birth cohort despite associations with cognition from ages 8 to 26, 2 whereas in a retrospective cohort of men and women in their 50s and 60s, the relation between birth weight and cognitive function was weak and nonsignificant. 11 However, social circumstances in childhood remained important determinants of cognitive function among Finnish adult men, even after allowing for adult social circumstances. 26 Although the overall effect size of differences in cognitive scores associated with birth weight is small for individuals, the impact in populations may be important. The stronger influence of social factors on cognitive function through to adult life, however, suggests that gains in cognitive development depend
What is already known on this topic
Weight at birth is associated with later cognitive development This is maintained across the range of normal birth weights
What this study adds
Social class at birth and birth weight have independent effects on maths scores in childhood, but social class at birth explains more of the variation in the scores
The relation between maths scores and birth weight persists across birth weights after adjustment for gestational age, parental education, and other potential confounding factors Trajectories of maths attainment diverge, with more affluent social groups increasing their relative advantage whereas the effect of birth weight remains constant over time more on efforts to redress disadvantages in a child's social environment.
